Recruitment of O-GlcNAc
1997; Wong and Privalsky, 1998). Furthermore, the abro-
To test whether Gal4-OGT affected Sp1-activated transcription, six tandem GC boxes were introduced into gation of the catalytic activity of HDACs by mutagenesis or inhibitors does not completely impede the function the promoter either upstream or downstream of the UAS sequence ( Figure 1C ). Expression of low levels of OGT of Sin3 in transcriptional silencing (Hassig et In addition, the carboxy-terminal domain (CTD) of the transcription by the various OGT mutants resembled the observations on basal transcription, except that inhibilargest subunit of RNAPII is dynamically modified by multiple O-GlcNAc moieties that might act to arrest trantion was to a lesser extent ( Figure 1E ). These results indicate that the TPR motifs 1-6 of OGT possess signifiscriptional elongation (Kelly et al., 1993) . These findings raise the possibility that OGT might be involved in trancant repressive activity that is separable from repressive activity of the catalytic domain. scriptional repression. In the present study, we demonstrate that mSin3A can recruit OGT to the promoters of genes to repress transcription cooperatively, indicating OGT Interacts with mSin3A In Vitro that the interaction between mSin3A and OGT repreIt was unexpected to observe that the N-terminal six TPR sents a mode of HDAC-independent repression by motifs of OGT were sufficient to mediate transcriptional mSin3A.
repression. At least two distinct models could explain this observation. First, the TPR domain is required for OGT multimerization (Kreppel and Hart, 1999) , thus OGT
Results
(1-286) fused to Gal4 DBD may recruit endogenous and catalytically active OGT to the target promoter. The secTethering OGT to Promoters Enhances Transcriptional Repression ond model is that Gal4-OGT (1-286) may recruit a transcriptional corepressor that brings about repression. The observation that overexpression of OGT inhibited Sp1-driven transcription suggested that OGT plays a
To test the first model, we mapped the precise region of OGT that mediates homomultimerization using a GST role in transcriptional repression . Then, does OGT modulate the activities of transcription pull-down assay. The results showed that the OGT fragment corresponding to the TPR motifs 2-6 was fully factors independent of DNA or must it be targeted to the promoter region to exert its functions in a genecapable of binding to [ 3 and 4) . Moreover, the TPR specific manner? As a first step, we fused OGT to the Gal4 DNA binding domain (Gal4 DBD) so that the OGT motifs 3-6 or 4-6 partially retained the ability to bind to full-length OGT (Figure 2A , lanes 9 and 10). However, could be artificially tethered to the upstream-activating sequence (UAS) within a promoter driving a luciferase amino acids 1-248, 1-214, and 1-180 of OGT that encompass the TPR motifs 1-5, 1-4, and 1-3, respectively, reporter gene ( Figure 1C ). Transient expression of either OGT or Gal4-OGT inhibited basal transcription driven showed very weak interactions with full-length OGT (Figure 2A, lanes 5-7) . Therefore, in addition to number of by the minimal promoter in a dose-dependent pattern. However, Gal4-OGT was more potent at transcriptional the tandem TPR motifs, the relative position or sequence specificity of the TPR motifs within the N-terminal TPR repression than OGT alone. This observation suggested that the recruitment of OGT to the gene promoter endomain accounts for the strength of the protein-protein interaction. Hence, distinct regions in the TPR cluster of hanced its inhibitory effect on transcription ( Figure 1A) . Figure 3B , compare lane 6 with lane 3), sugconfirmed that a specific interaction between the OGT repression. Since mSin3A is recruited to promoters by sequence-specific DNA binding repressors to repress transcription and since there is a physical interaction between OGT and mSin3A, we propose that OGT could be recruited in nature to promoters by mSin3A to exert its inhibitory effect on transcription.
To test this idea, we examined the effects of mSin3A fused to Gal4 DBD (Gal4-mSin3A) and OGT on the activity of the Gal4-dependent reporters in transient transfection assays. When low doses of Gal4-mSin3A and OGT were expressed in HepG 2 cells alone, neither inhibited either basal or Sp1-activated transcription. However, coexpression of low doses of Gal4-mSin3A and OGT significantly reduced transcription (Figures 4A and 4C) . These results revealed that OGT and mSin3A synergistically repressed basal and Sp1-activated transcription. Deletion of either TPR 1-6 in OGT or the PAH4 region in Gal4-mSin3A abrogated the synergism between the two proteins, indicating that mSin3A indeed recruited OGT via the mapped domains (PAH4 of mSin3A with TPR 1-6 of OGT) to the promoters for their functional cooperation in repression ( Figures 4A and 4C ). As shown in Figures 4B and 4D , high-level expression of Gal4-mSin3A or its ⌬PAH4 mutant alone dramatically decreased transcription, presumably because of the OGTindependent mechanisms of mSin3A repression that dominate at the high dose. As a result, synergistic action between OGT and Gal4-mSin3A could not be easily observed at this high dose. These findings illuminate a functional interaction between OGT and mSin3A at the promoter region of a target gene. above ( Figure 4D ), high-level expression of both Gal4-mSin3A and the ⌬PAH4 mutant substantially and simi-OGT and mSin3A Cooperatively Repress Transcription larly inhibited the transcriptional activity of the Gal4-dependent reporter ( Figure 5B) . However, the behaviors Thus far, we have shown that artificially directing OGT to promoters with a Gal4 DBD potentiates OGT-mediated of Gal4-mSin3A and the ⌬PAH4 mutant were distin- 5E ) each repressed transcription 2-fold. These data independent component depends on the PAH4 domain, the domain that binds OGT. This result suggests that strongly suggest that the catalytic activity of OGT is required for repression and it plays a predominant role OGT can act independently of HDACs to repress transcription. TSA treatment also increased basal transcripat a low protein level when the enzyme is artificially targeted to the promoter. At higher levels of protein tion from the reporter in the presence of Gal4 DBD, suggesting the reporter is partially repressed by means expression, which would promote the recruitment of the rest of the repression complex, Gal4-OGT (⌬TPR 1-6) of packaging the reporter plasmid into nucleosomes in cells ( Figure 5B ). However, even at a maximally effective exhibited less repressive activity than Gal4-OGT ( Figure  5D ). Introduction of the catalytically dead mutation into dose of TSA, transcription was only restored to about 50% with the PAH4 deletion mutant as compared to the TPR 1-6 deletion mutant (Gal4-OGT [⌬TPR1-6 ⌬cat]) further abrogated repressive activity of OGT, revealing the Gal4 DBD alone. Hence, this experiment does not exclude additional mechanisms that may underlie that TPR 1-6 and the catalytic function of OGT additively contribute to transcriptional inhibition ( Figure 5D ). Of mSin3A-induced HDAC-independent transcriptional repression. In support of this notion, there is evidence that note, a high dose of Gal4-OGT (⌬TPR1-6 ⌬cat) retained residual repressive activity ( Figure 5D ), perhaps conmSin3A PAH3 domain binds to the general transcription factor TFIIB and could interfere with its function (Wong ferred by a region within TPR 7-11 ( Figure 5E ) where we have detected the interaction of with other corepressors and Privalsky, 1998). Nevertheless, genetic studies are expected to shed new light on the functional relation-(X.Y. and J.E.K., unpublished data). Thus, OGT, when tethered to a promoter through the Gal4 DBD, exerts at ships among OGT, mSin3A, and HDACs.
OGT and HDACs Can Function in Parallel Pathways
Both the TPR and the C-terminal catalytic domain of least two separable repressive effects on reporter gene expression: one is attributable to its catalytic activity, OGT appear to participate in gene repression ( Figure  1D ). To determine the independent role of the catalytic another to the recruitment of endogenous mSin3A-HDAC complex via its TPR 1-6. Of note, these two efdomain, we made use of the report that deletion of a short C-terminal segment (amino acids 945-1036) renfects are manifest at different protein expression levels. At low levels, the catalytic activity of OGT dominates transcription from a heterologous promoter . Here, we show that overexpression of OGT also because it is brought to the promoter by its covalent linkage to the Gal4 DBD. At high levels, the noncovalent inhibits basal transcription from a minimal promoter ( Figure 1A ). These observations hint that Sp1 and cominteractions with corepressor complexes are sufficient for full repression.
ponents of basal transcription machinery such as the CTD of RNAPII could serve as specific targets of OGT. Given that OGT catalytic activity is, at least in part, responsible for HDAC-independent repression, what are Because OGT comes into close association in the repressive complex with mSin3A and HDAC1, the enthe downstream targets of OGT? Recently, we showed that overexpression of OGT inhibited the Sp1-driven zyme might modify these proteins. To determine if they are modified, mSin3A and FLAG epitope-tagged HDAC1 were transiently expressed in Cos-7 cells and were immunoprecipitated using anti-mSin3A and anti-FLAG antibodies, respectively. Subsequent immunoblotting analysis using an ␣-O-GlcNAc antibody indicated that mSin3A and HDAC1 were modified by O-GlcNAc (Figures 5F and 5G) and that the stoichiometry of modification increased in high-glucose (25 mM) medium ( Figures  5F and 5G) . That both of these proteins are O-GlcNAcylated is further evidence that OGT interacts with them catalytically. Because the functional significance of O-GlcNAcylation of mSin3A and HDAC1 has yet to be determined, we cannot exclude the possibility that OGT can also modulate HDAC1 activity, thereby mediating transcriptional repression via both HDAC-dependent and -independent pathways (Figure 7 ).
Proteins at Silenced Promoters Are Hyperglycosylated
The above experiments identified a physical and functional interaction between OGT and mSin3A. To determine if this interaction has physiological relevance on transcriptional repression. In this report, we show that Since the catalytic activity of OGT is required for repres-OGT can inhibit both basal and Sp1-driven transcription. sion, the RL-2 antibody allowed us to precipitate the Remarkably, OGT physically associates with a corepresproduct of this catalysis, O-GlcNAcylated proteins sor complex involving mSin3A and HDAC1 and, through bound to these promoters. Our result showed that, when its TPR domain, directly contacts the mSin3A PAH4 dothe genes were silenced upon estrogen depletion, the main. Coexpression of OGT and mSin3A in cells syner-O-GlcNAc level of the proteins on these promoters was gistically represses both basal and Sp1-activated tranincreased, coincident with the elevated occupancy of scription, indicating a functional interaction between mSin3A on the promoters (Figure 6) . As a control, we OGT and the corepressor complex. Further analysis indiobserved no changes either in the protein O-GlcNAc cates that mSin3A and OGT might act via a HDAClevel nor in the mSin3A level on the p21 promoter, a independent mechanism to repress transcription. gene that is refractory to estrogen (Figure 6 ). This result suggests that mSin3A can recruit OGT to silenced genes to catalyze O-GlcNAcylation of promoter bound proteins OGT May Be a Ubiquitous Regulator under natural circumstances. treatment with 100 nM 17␤-estrodiol (E2, Sigma) for 2 hr. Cells were crosslinked with 1% formaldehyde at room temperature for 10 min.
Experimental Procedures
Cell lysates were prepared as described previously (Shang et al., 2000) and then were sonicated. Cell debris was removed by centrifuPlasmids gation. Supernatants were precleared with 20 g sheared salmon Mammalian expression plasmids pCMX-mSin3A and pCMX-Gal4-sperm DNA, 5 g normal IgG, and 50 l protein G-sepharose for 2 mSin3A were generously provided by R. Evans. pcDNA3-FLAGhr at 4ЊC. Immunoprecipitations were performed overnight at 4ЊC HDAC1 was kindly provided by E. Seto. pcDNA3-OGT and G 5 -Luc with RL-2 or ␣-mSin3A antibodies. Immunoprecipitates were reporter construct were described previously . washed and eluted as described (Shang et al., 2000) , then heated For protein expression in mammalian cells, the indicated mutants at 65ЊC for 6 hr to reverse the formaldehyde crosslinking. DNA were subcloned into pcDNA3.1 (Invitrogen) while pGEX-2T (Amerfragments were purified with DNA Clean & Concentrator-5 (Zymo sham Pharmacia) was used for GST fusion protein expression in E.
Research). Quantitative PCR was performed with 1 l from a 50 l coli. The oligonucleotide for the triple HA epitope tag was synthe-DNA extraction for 30-32 cycles. Linearity of PCR amplification for sized and inserted into N terminus of OGT sequence in the pcDNA3.1 the indicated genes was demonstrated by serial 3-fold dilutions of vector for expression of HA-OGT proteins. The sequence encoding the input DNA. the PAH4 region (amino acids 901-955) was removed from pCMXGal4-mSin3A using PCR to obtain the Gal4-mSin3A (⌬PAH4) con
